Introduction
Ion exchange is one of the fundamental reversible processes occurring in nature. Predicting of the equilibrium compositions for ion exchange presents of considerable practical and scientific interest. If two types of ions i and j with the same charge are exchanged in equivalent ratios, the ion exchange process can be presented by the following equation
where the overbar indicates that a species belongs to the polymer phase. The reversible process (1) is determined by the change of Gibbs energy, enthalpy, entropy and constant of thermodynamic equilibrium. The thermodynamic constant of ion exchange equilibrium (1) is described by the formula i j i/j j i aa K aa
where a i is the activity of component i. The value of i/j K is calculated by the formula (Reichenberg, 1966) 
based on the choice of the ion exchanger in the monoionic forms as the standard states for components i and j in the polymer phase. In formula (3), a i/j k is the corrected selectivity coefficient of ion exchange, which can be presented as 
where i x is the mole fraction of i-component in the ion exchanger phase; for ion exchange from dilute solution of 1-1 electrolytes with constant ionic strength, if the solution corresponds to Debye-Huckel theory, the corrected selectivity coefficient, a selectivity coefficient of ion exchange equilibrium, and i x is the mole fraction of icomponent in the external solution. Features of interaction of exchangeable ions with ionogenic groups can be reflect by the dependences of partial (differential) thermodynamic functions of process (1) from the content of exchangeable ions in polymer. Partial Gibbs energy, G, Δ was calculated by the equation a j ii / j GR T [ ( z z )l n k] Δ= − − corresponding to (Gaines & Thomas, 1953) . Partial enthalpy of ion exchange was calculated as partial derivative of heat of ion exchange with respect to the quantity of sorbed ions,
For ion exchange in a multicomponent system containing n ions with the same charge, the phase composition is determined by solving a set of (n -1) homogeneous equations for the selectivity coefficients of binary ion exchanges in conjunction with an equation of material balance (Tondeur & Klein, 1967) . In addition, was postulated that the selectivity coefficients are constant in the entire range of compositions of the ion exchanger phase (Tondeur & Klein, 1967) . A similar solution was obtained for an ion exchange complicated by the complexation (Al'tshuler et al., 1984) . In most cases, the selectivity coefficients of ion exchange are the functions of the ionic composition of the phases. The dependence of the selectivity coefficient from polymer composition was explained by an energetic inhomogeneity of the ion exchanger phase (Reichenberg, 1966) . Thus, calculation results systematically deviate from experimental data (Soldatov & Bychkova, 1988) . The known methods for calculating of ion exchanger phase compositions for multicomponent exchanges with consideration for the dependence of the selectivity coefficients on the compositions of the phases are applicable only within a limited region of the diagram of compositions (Tondeur & Klein, 1967) . To extend region of the diagram of compositions correction coefficients were introduced (Soldatov & Bychkova, 1988) . This provided satisfactory results only after several successive adjustments (Soldatov & Bychkova, 1988) . How to determine the ion exchanger composition as a fraction of the structural conformers was discussed (Soldatov et al., 1994) . Ion exchanger compositions for weakly acidic (Horst et al., 1990) and chelating ion exchangers (Horst et al., 1991) were calculated from the electrostatic potential by the Gouy-Chapman model, which is based on the Maxwell-Boltzmann distribution for an ideal gas. In this chapter we have shown, that it is possible in reality to calculate the phase compositions when the ion exchange with variable selectivity coefficients take a place from the multicomponent solutions if the ion exchanger represents Gibbs canonical assembly.
The theory. Ion exchanger as Gibbs canonical assembly
Consider an ion exchanger as the Gibbs canonical assembly. The Gibbs canonical distribution is
where ρ(ε) is the density of probability to find the phase having an energy ε; Ψ is a constant; θ is the modulus of distribution. If θ >> ψ-ε, then ρ and ε are proportional: х 0 = to its values at i х 1. = In this case, the ion exchanger composition measured in mole fractions of the i-component corresponds to the probability density for the individual phases at statistical equilibrium. In other words, for a binary ion exchange, the canonical energy distribution results in a linear dependences both of the differential enthalpy and of differential Gibbs energy (or the logarithm of the corrected selectivity coefficient) of ion exchange from the mole fraction of counterions in the ion exchanger phase. For binary ion exchange systems, the relation between ρ and ε coincides with formulas (7) (Al'tshuler et al., 1984) , (Al'tshuler & Shkurenko, 1990) . Apparently, both the partial enthalpy and partial Gibbs free energy of the individual components additively contribute to the total energy of ion exchange process (1). For this reason, we examined the ion exchanger phase as a system consisting of non-interacting elements (for example, electrically neutral resinates) within the region of validity of (5)-(8) formulas. This is also true for a multicomponent system consisting of non-interacting parts, i.e., a system described by a comprehensive canonical assembly.
Results and discussion

Ion exchange from the solutions containing two electrolytes
According to experimental data i H(x ) Δ , a i/j i ln k (x ) linear dependences are observed in next exchangers: strong -acid cross -linked polystyrene sulfonate cation exchangers (Boyd & Larson, 1967) , (Soldatov et al., 1976) , (Soldatov & Bychkova, 1988) ; cross-linked polystyrene phosphonic acid cation exchangers (Becker et al., 1966) ; zeolities (Al'tshuler & Shkurenko, 1990) , calixarene-containing ion exchangers and strong -base anion exchangers. Short characteristics of ion exchangers and some of the specified dependences are summarized below. Strong -acid cross -linked polystyrene sulfonate cation exchangers. Polystyrene sulfonate cation exchanger cross-linked with divinylbenzene (DVB). An ion exchanger contains only one type of ionogenic groups -sulfonic acid groups (SO 3 H). The structure of repeating unit of cross-linked polystyrene sulfonate cation exchanger (1) is represented below.
The ion exchanger contains nonequivalence ion exchange sites (Reichenberg, 1966) in spite of presence of only one type of ionogenic groups. The attempt to explain energy nonequivalence of ion exchange sites by the structure differences in cross-linking agent was made (Soldatov et al., 1994) . The dependences (Soldatov et al. 1976 ) of corrected selectivity coefficients of ion exchange from mole fraction of sorbed potassium cations in variously cross-linked strong-acid sulfonate exchanger (KRS) were shown in fig.1 . As we seen from fig.1 , the energy nonequivalence of ion exchange sites of polymer rises with increasing of quantity of cross-linking agent. In that case any can to say that presented dependences (fig. 1) are described by the linear equations taking into account experimental errors (Soldatov & Suchover, 1968 (Becker et al., 1966) are shown in fig.2 . Two types of phosphonic acid exchangers were used: a polystyrene-divinylbenzene cross-linked (5.5% DVB) preparation, -C 6 H 4 -PO(OH) 2 , in which the phosphonate groups were attached to a benzene nucleus, and a polystyrene-divinylbenzene cross-linked (5.5% DVB) methylene phosphonic acid exchanger, -C 6 H 4 -CH 2 -PO(OH) 2 , in which the phosphonate was separated from the benzene ring by a methylene group. The logarithms of selectivity coefficients are linear functions from Li + mole fraction in both phosphonic acid exchangers as can be seen from the fig. 2a and was noted (Becker et al., 1966) . The measured heats of partial exchange are shown in fig. 2b by a chord for each experiment. The curves for the differential heat of exchange (Becker et al., 1966) Zeolites (crystalline aluminium silicates) are weakly-acid cation exchangers. Particularity of ion exchange properties of zeolites is defined by crystal lattice structure and exchange cations distribution on the different position of the channels and cavities. In fig. 3 is shown a typical structure of zeolite repeating unit (2), presented in the templates of program Chem3D Ultra 8.0. The ion exchange thermodynamic functions in the heulandite -binary electrolyte solutions system were defined (Al'tshuler & Shkurenko, 1990) . Natural heulandite (zeolite Sr-R), deposit of Кеmerovo region, Russia. Idealized composition of elementary cell is Ca 4 [(AlO 2 ) 8 (SiO 2 ) 28 ]⋅24H 2 O. Two -dimensional channel system was formed by rings, consisting from 8-and 10-members. Sizes of windows are: 4.0×5.5 °A , 4.1×4.7°A , 4.4×7.2 °A (Breck, 1974) . Cations of alkali metals and alkaline earth metals are the mobile exchangeable ions. The total ion exchange capacity of natural heulandite from Kemerovo region is 2.2 milliequivalents per gram of ion exchanger (Al'tshuler & Shkurenko, 1990) . The isotherms of binary Cat + → K + ion exchanges on natural heulandite are shown at the fig.4 . The experimental differential thermodynamic functions of ion exchange from aqueous solutions on weakly-acid cation exchangers 3a, 3b and strong-acid sulfonate cation exchanger 3d are shown in fig. 6-fig. 9 . Strong-base anion exchangers. The ion exchange equilibria on strong-base anion exchanger of the Dowex-1 type were experimentally studied in aqueous solutions containing two types of anions: salicylate ( Sal − ) -hydroxide ( OH − ); nitrate ( 3 NO − ) -hydroxide; chloride ( Cl − )hydroxide. The Dowex-1 is polystyrene cross-linked with divinylbenzene molecular network which carries the benzyltrimethylammonium ionogenic groups (-CH 2 C 6 H 4 -N + (CH 3 ) 3 ). The experimental data about the equilibrium phase composition for the binary ion exchanges on anion exchanger (Dowex-1) are presented here (fig. 10) . The equilibria for the binary exchanges on Dowex-1 can be described by the linear equations 
Using the concept of reversible step reactions (Bjerrum, 1961) for a multicomponent ion exchange system containing n distinct ions with the same charge, the corrected selectivity coefficient is described by the equation (15) n a 1/n 1/n i/n i i1
where n is the number (position) of the ion in the series of decreasing ion exchanger selectivity: K 1/n > K 2/n >… K i/n … > 1; 1/n i/n A , B -are constants for binary exchanges of ions 1 and n; i and n. To calculate equilibria with participation of n exchangeable ions, we used a set of equations composed of (n -1) equations of type (15), (n -1) equations of type (4) for a n / k 1 , and the equation ( 
The coefficients A and B were calculated from the experimental isotherms for independent binary exchanges by formulas (8) and (14). We tested the proposed method for a vast array of experimental data on ion exchange equilibria in multicomponent systems in accordance with recommendations for testing new model (Soldatov & Bychkova, 1988) . We imposed the following restrictions: ion exchange equilibria were considered at constant temperature, at constant ionic strengths of the solutions and only for monofunctional ion exchangers of specific chemical structure, for example, styrene-divinylbenzene sulfonate cation exchangers or anion exchangers containing only benzyltrimethylammonium groups. The equilibrium phase compositions were calculated for ion exchangers in which all exchange sites are accessible to exchangeable ions (the total exchange capacity of ion exchanger did not depend on the type of the sorbed ion). We considered ion exchange is not accompanied by complexation in the solution. Sorbate-sorbate interactions (Dmitryenko & Hale, 1965) don't present in ion exchanger phase. Exchange with participation of multicharged ions leads to nonlinear dependences of partial energies from counterion composition of calixarenecontaining polymers (Al'tshuler et al, 2008) . High content of cross-linking agent creates additional difficulties (Vaslow & Boyd, 1966) . Given these restrictions, a close agreement of calculated and experimental data was observed. All calculations were conducted on a computer with Intel (R) Core(TM)2 Duo T7300 2.00 GHz processor. (Soldatov & Bychkova, 1988) NO − -Cl − -OH − tetraion exchange in strong-base anion exchanger (Dowex-1)
Three electrolytes in a solution
Conclusion
The predictive power of the calculation method was characterized by the mean absolute deviation for the entire array (Soldatov & Bychkova, 1988 (18) where n is the number of exchangeable ions and s is the number of experimental points in many-ion equilibria. Processing the data of Table 2 by formula (18) gives x Δ =0.006, a value that corresponds to the most accurate among the calculation methods that were considered early (Soldatov & Bychkova, 1988) . Processing the data from Table 3 by formula (18) yields x Δ =0.005. This results show that the proposed method has a high predictive power. The consideration of ion exchanger as a canonical assembly explains why the corrected ion exchange selectivity coefficient linearly depends on the ion exchanger composition. This circumstance makes it possible to predict many-ion exchange equilibria.
